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1. Field of the Invention 

The present invention relates to an optical system 
and optical apparatus. More particularly, the present 
invention relates to an optical system and optical 
apparatus capable of switching between OCT (Optical 
Coherence Tomography) observation and OCM (Optical 
Coherence Microscopy) observation. 

2. Discussion of Related Art 

A scanning optical microscope having a confocal 
optical system disclosed in Japanese Patent Application 
Unexamined Publication (KOKAI) No. Sho 61-219919 is known 
as an optical apparatus that allows observation of the 
inside of a biological sample. Japanese Patent Application 
Unexamined Publication (KOKAI) No. Hei 4-146410 states 
techniques relating to a scanning optical system whereby 
the beam diameter of light incident on an objective is 
changed and the position of a scanning mirror is adjusted 
in accordance with the size and position of the pupil of 
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the objective. 

Recently/ a technique called "low-coherence 
interf erometry" or OCT (Optical Coherence Tomography) " 
such as that disclosed in U.S. Pat. No. 5, 321, 501 has 
5 become known as a method that allows observation of the 
inside of an opaque scattering sample, e.g. a biological 
tissue. Fig. 11 shows a general optical system for the 
low-coherence interf erometry . Light from a light source 81 
with a short coherence length is split by a beam splitter 
10 82 between a signal light path leading to a sample 4 and a 
reference light path leading to a reflecting mirror 83. 
Light going and returning along the signal light path and 
the reference light path are recombined in the beam 
21 splitter 82. At this time, because the signal light path 

M 15 forms an optical path length substantially equal to that 
jL& of the reference light path at an observation point 8 6 in 

the sample 4, only light scattered back from a region at 

sals 

£3 the observation point 8 6 within a range in the optical 

axis direction that is substantially equal to the 

20 coherence length interferes with the reference light. 
Accordingly, by detecting the resulting interference 
signal with a detector 84, information about the inside of 
the sample 4 can be selectively obtained in the optical 
axis direction. 

25 In general, the reflecting mirror 83 in the 

reference light path is moved in the optical axis 
direction, thereby performing scanning in the direction of 
depth of the sample 4 and, at the same time, producing a 
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Doppler shift in the reference light. With the low- 
coherence interf erometry, in general, heterodyne 
interf erometric measurement is carried out to detect a 
beat signal having a Doppler shift frequency in the 
interference signal. Therefore, the measurement can be 
performed with a very high S/N ratio. 

By performing scanning also in a direction 
perpendicular to the optical axis with a scanning mirror, 
an image of the xz-section in Fig. 11 can be obtained. If 
the depth of focus of the objective is set greater than 
the movable range of the reflecting mirror in the 
reference light path, the resolution in the xy-plane can 
be kept substantially constant despite the movement of the 
reflecting mirror. If the reflecting mirror is moved at 
high speed, image acquisition can be performed at high 
speed. In this case, an objective having a small numerical 
aperture is used because a large depth of focus is needed. 

Meanwhile, a microscopic observation method using a 
confocal optical system with an objective having a large 
numerical aperture is known as a low-coherence 
interf erometric technique, as shown in "Optics Letters, 
Vol. 19, No. 8, p. 590 (1994). The observation^method is 
known as "OCM (Optical Coherence Microscopy) ", which is a 
microscopic technique in which the high spatial resolution 
of the confocal optical system and the high S/N ratio of 
the low-coherence inter f erometry are combined together. In 
OCT, the coherence length is short in comparison to the 
depth of focus of the objective, whereas in OCM the depth 



of focus of the objective is equal to or less than the 
coherence length, OCM makes good use of the merit that the 
resolution in the xy-plane in Fig. 11 is high, and uses 
scanning mirrors for both the x- and y-directions to 
perform scanning in directions perpendicular to the 
optical axis, thereby making it possible to obtain a high- 
resolution image of the xy-plane. OCM also allows the 
inside of a living body to be observed at high resolution 
by making use of heterodyne interf erometric measurement as 
in the case of OCT. The technical features of OCT and OCM 
are also stated in "Optics & Photonics News" May, p. 41 
(1997) . 

As has been described above, OCT allows observation 
over a wide range in the direction of depth of the sample 
(in the z-direction) . However, OCT is incapable of . . 
observing the sample with high resolution at a position of 
certain depth. Conversely, OCM allows the sample to.be 
observed with high resolution at a position of certain . 
depth but suffers from the problem that it takes a great 
deal of time to find a desired depth position because the 
depth of focus is shallow. 

SUMMARY OF THE INVENTION 
The present invention was made in view of the above- 
described problems. Accordingly, an object of the present 
invention is to provide an optical system and optical 
apparatus capable of readily finding a position (depth 
position) in a sample at which the user wants to observe 



the sample, and still allowing observation with high 
resolution and high S/N ratio at the desired depth 
position. 

To attain the above-described object, the present 
5 invention provides an optical system including a light 
source and a light-branching member having a boundary 
surface for branching light from the light source into a 
reference light path and a signal light path. . A scanning 
system moves light from the light source and a sample 
10 relative to each other. A light-combining member has a 
boundary surface for combining together the reference 

M 

Q light path and the signal light path. A light-detecting 

a 

^ element detects light combined by the light-combining 

*Jj 1 member. A beam diameter changing optical system is placed 

H 15 between the light-branching member and the objective. 

2 

H Another present invention provided an 

jj optical system including a light source and a light- 
en branching member having a boundary surface for branchina 

□ 

light from the light source into a reference light path 



20 



25 



and a signal light path. A pupil relay optical system is 
placed in the signal light path to relay the pupil of an objective 
(objective lens)j.A light-scanning system is placed in the signal 
light path in the vicinity of the position of the pupil 
relayed by the pupil relay optical system. A correcting 
mechanism makes the position of the relayed pupil and the 
light-scanning system approximately coincident with each 
other. A light-combining member has a boundary surface for 
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combining together the reference light path and the signal 
light path. A light-detecting element detects light 
combined by the light-combining member. 

Another present invention provides an 
optical apparatus including a light source and a light- 
branching member having a boundary surface for branching 
light from the light source into a reference light path 
and a signal light path. At least one objective (objective lens) is placed 
in the signal light path. A scanning system moves light 
collected by the objective and a sample relative to each 
other. A light-combining member has a boundary surface for 
combining together the reference light path and the signal 
light path. A light-detecting element detects light 
combined by the light-combining member. An optical path 
length control mechanism is placed between the light- 
branching member and the light-combining member to vary 
the optical path length. The optical apparatus further 
includes a scanning control mechanism. The scanning system 
has, at least, a first scanning mechanism for moving the 
collected light and the sample relative to each other in a 
first direction parallel to the optical axis of the 
objective, and a second scanning mechanism for moving the 
collected light and the sample relative to each other in a 
second direction perpendicular to the first direction. The 
scanning control mechanism has the function of choosing 
between the first scanning mechanism and the optical path 
length control mechanism, and the function of determining 
the scanning speed of the chosen mechanism and that of the 
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second scanning mechanism. 

Still other objects and advantages of the invention 
will in part be obvious and will in part be apparent from 
the specification . 

The invention accordingly comprises the features of 
construction, combinations of elements, and arrangement of 
parts which will be exemplified in the construction 
hereinafter set forth, and the scope of the invention will 
be indicated in the claims. 
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E3 Figs. 1(a) and 1(b) are diagrams showing the 

p 

£3=j arrangement of an optical system according to the present 

m 
ru 

15 of which: Fig. 1(a) shows the optical system when the beam 



invention that has a beam diameter changing optical system, 



M diameter of incident light and that of emergent light are 

h i 

I'i the same; and Fig. 1(b) shows the optical system when the 



£3 beam diameter of emergent light is made larger than that 

a 

Uk of incident light by the beam diameter changing optical 

20 system. 

Fig. 2 is a diagram showing the arrangement of an 
optical system according to the present invention that has 
a relayed pupil position correcting mechanism. 

Fig. 3 is a diagram showing the arrangement of an 
25 optical apparatus according to the present invention. 

Fig. 4 is a diagram showing the arrangement of an 
optical apparatus according to the present invention that 
has a three-dimensionally expanded observation range. 
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Figs, 5(a) and 5(b) are diagrams showing the 
arrangement of an optical system according to Example 1, 
of which: Fig. 5(a) shows the arrangement when an 
objective for OCT is used; and Fig. 5(b) shows the 
arrangement when an objective for OCM is used. 

Figs. 6(a) and 6(b) are diagrams showing the 
arrangement of an optical apparatus according to Example 2 
of which: Fig. 6(a) shows the arrangement when an 
objective for OCM is used in the optical system; and 
Fig. 6(b) shows the arrangement when an objective for OCT 
is used in the optical system. 

Figs. 7(a) and 7(b) are diagrams showing the 
arrangement of an optical apparatus according to Example 3 
of which: Fig. 7(a) shows the arrangement when an 
objective for OCM is used in the optical system; and 
Fig. 7(b) shows the arrangement when an objective for OCT 
is used in the optical system. 

Figs. 8(a) and 8(b) are diagrams showing the 
arrangement of a part of an optical apparatus according to 
Example 4, of which: Fig. 8(a) shows the arrangement when 
the relayed pupil position has been corrected by a 
correcting mechanism; and Fig. 8(b) shows the arrangement 
when the correcting mechanism is not present. 

Fig. 9 is a diagram showing an example of a 
microscope having an optical system according to the 
present invention as Example 5. 

Figs. 10(a) and 10(b) are diagrams showing the 
spectral distribution of a low-coherence light source and 



the dispersion characteristics of an optical element, 
Fig* 11 is a diagram showing a general optical 
system for low-coherence interf erometry . 
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^ ^ been stated above, OCT is suitable for 

performing observation over a wide range in the direction 
of depth of a sample (i.e. in the z-direction) by using an objective 
(objective lens) having a small numerical aperture and, in 
10 general, low magnification. On the other hand, OCM is 

suitable for observing the inside of a biological sample Ky 
at high resolution by J using in general a confocal optical 
system and an objective having a large numerical aperture 
and high magnification. Accordingly, a technique that 



^ 15 allows OCT and OCM to be readily switched from one to 
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M another to observe the inside of a sample will be 

fU 

extremely useful. For example, the technique may be 

q 

M in the sample has been located or a positional 



effectively used in a case where after a large structure 



20 relationship between various regions in the sample has 
been detected, a region of interest in the sample is 
observed at higher resolution. 

Fig. 1(a) is a diagram showing the arrangement of an 
optical system according to the present invention. The 

25 figure shows an optical system that allows OCT and OCM to 
be readily switched from one to another to perform 
observation. The arrangement and operation of the optical 
system according to the present invention will be 
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described below with reference to the figure . 

Light from a light source 1 is branched into a 
reference light path and a signal light path by a light- 
branching member 2. In Fig. 1(a), the reference light path 
is an optical path passing through the light-branching 
member 2 and extending via a turn-back mirror 9. The 
signal light path is an optical path reflected by the 
light-branching member 2. Light reflected by the light- 
branching member 2 passes through a half-mirror. 10 and is 
applied to a sample 4 through a beam diameter changing 
optical system 6, a light-scanning system 5 and an 
objective 3, Light reflected and scattered by the sample 4 
passes through the objective (objective lens) 3, the light-scanning system 
5 and the beam diameter changing optical system 6 and is 
reflected by the half-mirror 10. The reference light path 
and the signal light path are combined together by a 
light-combining member 7, and the combined light is 
detected by a light-detecting element 8. 

As has been stated above, OCT and OCM are largely 
different in the sample-side depth of focus from each 
other. Therefore, at least two optical systems having 
different numerical apertures are needed to perform 
observation in both the OCT and OCM modes. For this reason, 
the optical system according to the present invention has 
the beam diameter changing optical system 6 placed therein 
to allow an optimum beam diameter to be set for each of 
the optical systems having different numerical apertures. 

The beam diameter changing optical system 6 can 



change the beam diameter of light incident on the 
objective 3. Therefore, when the beam diameter is reduced 
by the beam diameter changing optical system 6, as shown 
in Fig. 1(a), the practical numerical aperture of the 
objective 3 decreases. When the beam diameter is increased 
by the beam diameter changing optical system 6, the 
arrangement within the dotted line in Fig. 1(a) can be 
changed to an arrangement that increases the numerical 
aperture of the objective 3 as shown in Fig. 1(b). 
Accordingly, when an OCT observation mode using an 
objective 3 of small numerical aperture and an OCM 
observation mode using an objective 3 of large numerical 
aperture are switched from one to another, for example, an 
optimum beam diameter can be set by using the above- 
described arrangement. Thus, the objectives 3 can be 
changed from one to another without loss of light quantity 
in either of the observation modes. 

In particular, when a biological sample or the like 
is observed by the low-coherence inter ferometry or other 
similar method, light returning from the sample 4 is 
feeble. Therefore, a reduction in light utilization 
efficiency has to be avoided the most. The use of the 
arrangement according to the present invention makes it 
possible to set an optimum beam diameter for each of 
various objectives 3. Accordingly, high light utilization 
efficiency can be attained at all times. Thus, it becomes 
possible to perform observation with a high S/N ratio. 

It should be noted that the light-branching member 2 



and the light-combining member 7 are optical elements each 
having a boundary surface that branches incident light 
into transmitted light and reflected light, as in the case 
of a half-mirror, a beam splitter, or a fiber coupler* The 
beam diameter changing optical system 6 may be a pupil 
relay optical system arranged to relay the pupil of the 
objective 3, With this arrangement, it also becomes 
possible to place the light-scanning system 5 at a 
position conjugate to the pupil position of the objective 
3. 

In Fig. 1(a), light collected by the objective 3 is 
scanned in a direction perpendicular to the optical axis 
of the objective 3 by the light-scanning system 5. However, 
the arrangement may be such that the light-scanning system 
5 is replaced with a fixed mirror, and a stage holding the 
sample 4 is moved in a direction perpendicular to the 
optical axis . 

Next, an arrangement in which objectives are changed 
from one to another will be described as another example 
of switching numerical apertures from one to another. When 
light is scanned in a direction perpendicular to the 
optical axis of the objective, it is desirable to perform 
mirror scanning at the pupil position of the objective or 
at a position conjugate to the pupil position. In general, 
however, the pupil size of objectives differs for each 
objective. Therefore, with an optical system in which the 
beam diameter is constant at all times, a desired 
numerical aperture cannot be obtained when the beam 



diameter is smaller than the pupil. Conversely, when the 
beam diameter is larger than the pupil, the light 
utilization efficiency reduces undesirably. 

In this regard, the optical system according to the 
present invention has the beam diameter changing optical 
system 6 and hence allows the diameter of the incident 
light beam to coincide with the pupil diameter of each 
particular objective. Accordingly, the above-described 
problems will not arise. Further, even when the OCT 
observation mode and the OCM observation mode are switched 
from one to another by changing objectives, there is no 
loss of the high S/N ratio, which is a feature of the low- 
coherence inter ferometry . 

Fig. 2 shows the arrangement of another optical 
system according to the present invention. The arrangement 
differs from Fig. 1 in the structure of an optical system 
extending from the half-mirror 10 to the sample 4 in the 
signal light path. In Fig. 2, light of the signal light 
path passing through the half-mirror 10 is scanned by the 
light-scanning system 5. Then, the light passes through a 
pupil relay optical system 11 and is applied to the sample 
4 by the objective 3. The pupil relay optical system 11 
relays the pupil 13 of the objective 3. The light-scanning 
system 5 is placed at the [conjugate position o f the pupil 1 
relayed by the pupil re 1 ay optJ.c_a.l_. system 11 . 

Let us assume that objective swapping is performed 
in the illustrated state to place another objective in the 
optical path instead of the objective 3. In general, the 



pupil position of objectives differs for each objective. 
In this case also, the pupil position of the newly placed 
objective differs from the position of the pupil 13 of the 
former objective 3. Consequently, although the pupil of 
5 the newly placed objective is relayed by the pupil relay 
optical system 11, it may be relayed to a position 
different from the position of the light-scanning system 5. 
Therefore, the optical system according to the present 
invention is provided with a correcting mechanism 12 
10 whereby the position of the pupil newly relayed by the 

5 s 

tl pupil relay optical system 11 and the position of the 



Q light-scanning system 5 are made coincident with each 

Q 

0i other. 

tri 
ru 

H 15 mechanism (not shown) . The moving mechanism causes the 



In Fig. 2, the correcting mechanism 12 has a moving 



pupil relay optical system 11 and the light-scanning 
system 5 to move together as one unit. Accordingly, even 
jjj? when the objective 3 is replaced with another, the 

h* position of the relayed pupil of the objective and the 

20 position of the light-scanning system 5 can be made 

coincident with each other. Consequently, there is no 
possibility of the light beam being eclipsed by the pupil 
13 during scanning of light performed by the light- 
- scanning system 5. Thus, it is possible to prevent 
25 deficiency of the marginal illumination. 

It should be noted that the optical systems shown in 
Figs. 1(a) and 2 may be arranged as follows. The optical 
path extending from the light-branching member 2 to the 
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light-combining member 7, that is, the reference light 
path or the signal light path or each of them, may be 
provided with a frequency modulating member for modulating 
the frequency of light, e.g. an acousto-optic modulator ' 
(AOM) . With this arrangement, it is possible to perform 
heterodyne measurement utilizing the frequency difference 
between light passing through the reference light path and 
light passing through the signal light path and hence 
possible to obtain an observation image with high S/N 
ratio . 

The reference light path or the signal light path or 
each of them may be provided With an optical path length 
control mechanism for varying the optical path length. 
With this arrangement, it becomes possible to adjust the 
depth position of the observation point in the sample or 
to perform scanning in the direction of depth of the 
sample . 

The optical path length control mechanism may be 
arranged to be capable of modulating the frequency of 
light. Thus, the optical path length control mechanism can 
also perform the function of a frequency modulating member. 

The optical system may have a signal processing unit 
for obtaining a signal having a difference frequency 
component corresponding to the frequency difference 
between light passing through the reference light path and 
light passing through the signal light path. 

Both the frequency modulating member and the optical 
path length control mechanism can produce a difference in 
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frequency between light passing through the signal light 
path and light passing through the reference light path. 
Among signals detected by the light-detecting element, a 
signal having a frequency component corresponding to the 
5 frequency difference is obtained by using the signal 

processing unit, thereby allowing heterodyne detection to 
be performed. 

Fig, 3 shows the arrangement of an optical apparatus 
according to the present invention. Light from a light 
10 source 1 is branched into a reference light path and a 

M signal light path by a light-branching member 2. Light in 

C3 

p~ the reference light path passing through the light- 

's:! 

jjjjj branching member 2 travels via an optical path length 

01 control mechanism 21 to reach a light-combining member 7. 

u 15 Meanwhile, light in the signal light path reflected by the 
j\ light-branching member 2 passes through a half-mirror 10 

Hi and is reflected by a light-scanning system 22 so as to be 

q applied to a sample 4 through an objective 25 or 26. The 

T" sample 4 is held on a scanning stage 24. Light reflected 

20 and scattered at an observation point (i.e. a position 
where light is collected by the objective) 29 in the 
sample 4 passes through the objective 25 or 26 and via the 
light-scanning system 22 and is reflected by the half- 
mirror 10 to reach the light-combining member 7. Light in 
25 the reference light path and light in the signal light 

path are combined together by the light-combining member 7, 
and the combined light is detected by a light-detecting 
element 8. 
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In the optical apparatus according to the present 
invention, the optical path length control mechanism 21 is 
placed in the reference light path so that the optical 
path length of the reference light path can be varied. 
More specifically, the optical path length control 
mechanism 21 has a reflection or transmission type optical 
element and a moving mechanism so that the optical path 
length is varied by moving the optical element through the 
moving mechanism. Varying the optical path length of the 
reference light path causes a change in the position 
within the sample 4 at which the optical path length of 
the- signal light path and that of the reference light path 
coincide with each other. Thus, the optical path length 
control mechanism 21 causes the observation point 29 in 
the sample 4 to move relative to the sample 4 in a 
direction (first direction) along the optical axis of the 
objective 25. 

The scanning system comprises the light-scanning 
system 22 and the scanning stage 24. The scanning stage 24 
is a first scanning mechanism for moving the sample 4 in 
the first direction. The light-scanning system 22 is a 
second scanning mechanism for moving the observation point 
29 in the sample 4 in a direction (second direction) 
perpendicular to the optical axis of the objective 25. 
Accordingly, in the arrangement shown in Fig. 3, the first 
direction corresponds to the z-direction. The second 
direction corresponds to the x-direction. It should be 
noted that the pupil 13 (23) of the objective 25 (26) is 
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relayed to the position of the light-scanning system 22 by 
a pupil relay optical system 11. The difference in the 
pupil position between the pupils 13 and 23 of the 
objectives 25 and 2 6 is compensated by the correcting 
5 mechanism 12 shown in Fig. 2. 

A scanning control mechanism 27 has the function of 
controlling the respective scanning speeds of the light- 
scanning system 22 and the scanning stage 24 and the 
moving speed (scanning speed) of the optical element in 
10 the optical path length control mechanism 21. The scanning 

M control mechanism 27 further has the function of choosing 

£3 

p between the scanning stage 24 and the optical path length 

jjj^ control mechanism 21 as a scanning mechanism for the first 

%p direction. 

lij 

h* 15 The foregoing is the basic arrangement of an optical 

5 

Lh apparatus according to the present invention. As 

f; objectives, it is preferable to use at least one objective 

£3 having a numerical aperture that satisfies the condition 

Q 

U of Lc^Df. In the condition Lc^Df, Df is a value 



2 0 generally known as the depth of focus, which is obtained 

from Df=Ac/(NA) 2 , where NA is the numerical aperture of the 
objective, and- Ac is the center wavelength of the light 
source. Lc is the coherence length of light incident on 
the sample. 

25 In addition to the objective having a numerical 

aperture satisfying the condition of Lc^Df, the optical 
apparatus may have at least one objective having a 
numerical aperture that satisfies the condition of Lc<Df. 
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When the optical apparatus has both the objective 
satisfying the condition of Lc^Df and the objective 
satisfying the condition of Lc<Df, the scanning control 
mechanism 27 sets optimum scanning speeds and chooses an 
optimum scanning mechanism for the first direction in 
accordance with the selection of either of the objectives. 

Let us explain the objectives, the objective 25 is 
an objective having a numerical aperture satisfying the 
condition of Lc<Df . The depth of focus of the objective 25 
is longer than the coherence length of light from the 
light source 1 that is incident on the sample 4. Therefore, 
the objective 25 is suitable for observation by OCT. On 
the other hand, the objective 26 is an objective having a 
numerical aperture satisfying the condition of Lc^Df. The 
numerical aperture of the objective 26 is larger than that 
of the objective 25. The objective 26 is suitable for 
observation by OCM. 

It should be noted that the optical apparatus 
according to the present invention may be arranged such 
that the objective 25 is not used, but only the objective 
26 is used, as will be described later. However, the 
optical apparatus is herein described as one that uses 
both the objectives 25 and 26 with a view to facilitating 
the explanation. It is also assumed for explanatory 
simplicity that light from the light source passes through 
the whole pupil of the objective so as to satisfy the 
numerical aperture of each objective. Accordingly, the 
objective 25 is used for OCT, and the objective 26 is for 



OCM. 

Next, the operation of the scanning control 
mechanism 27 will be described. The scanning control 
mechanism 27 chooses between the scanning stage 24 and the 
5 optical path length control mechanism 21 as a scanning 
mechanism for the first direction according to the value 
of Df of the objective used. Then, the scanning control 
mechanism 27 determines the scanning speed of the light- 
scanning system 22 and that of the chosen scanning 
10 mechanism for the first direction. 

M When Lc<Df, i.e. when the objective 25 is used, the 

□ 

Q optical apparatus is set in the OCT observation mode. In 

the OCT observation mode, the coherence length determines 



SI 



B1 the resolution in the z-direction. Therefore, the scanning 

ru 

H 15 control mechanism 27 chooses the optical path length 

control mechanism 21 as a scanning mechanism for the first 
J direction. Thus, the position in the sample 4 at which the 



p optical path length of the signal light path and that of 

?l the reference light path coincide with each other is 

20 varied. At this time, there is no change in the relative 
positional relationship between the objective 25 and the 
sample 4. Assuming that the scanning speed of the optical 
element in the optical path length control mechanism 21 is 
vl and the scanning speed of the light-scanning system 22 
25 is v2, the scanning control mechanism 27 sets each 

scanning speed so that the condition of vl>v2 is satisfied. 

Thus, when Lc<Df, the scanning speed of the optical 
path length control mechanism 21 (scanning speed in the 
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first direction) is set faster than the scanning speed of 
the light-scanning system 22 (scanning speed in the second 
direction) to observe an image of the xz-section. It 
should be noted that fast scanning in the first direction 
5 is effective in obtaining a practical Doppler frequency in 
heterodyne interf erometric measurement utilizing a Doppler 
frequency produced during scanning by the optical path 
length control mechanism 21. 

When Lc^Df, i.e. when the objective 26 is used, the 
10 optical apparatus is set in the OCM observation mode. In 

M the OCM observation mode, the depth of focus is not 

Q 

p greater than the coherence length. Therefore, it is 

zi necessary in order to scan the observation point 29 in the 

U\ 

Q 5 ^ first direction to change the relative positional 

dj 

M 15 relationship between the objective 26 and the sample 4. 

^ Accordingly, the scanning control mechanism 27 chooses the 

^ scanning stage 24 as a scanning mechanism for the first 

Q direction. Assuming that the scanning speed of the 

□ 

£ 4 scanning stage 24 is vl and the scanning speed of the 

20 light-scanning system 22 is v2, the scanning control 
mechanism 27 sets each scanning speed so that the 
condition of v2>vl is satisfied. 

A scanning mirror may be used as a specific 
structure of the light-scanning system 22. When a scanning 
25 mirror is used, scanning by the scanning stage 24 is in 
general slower in speed than scanning by the scanning 
mirror. Therefore, the most efficient way of observing an 
xz-section image of the sample 4 at as high a speed as 
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possible is to perform scanning in the second direction at 
a higher speed than in the first direction. In other words, 
it is desirable that the scanning speeds should be set so 
as to satisfy the condition of v2>vl. 

Although in Fig. 3 the scanning stage 2 4 is moved to 
scan in the first direction, the mechanism may be arranged 
such that the scanning stage 24 is fixed and the objective 
26 is moved in the first direction. The above-described 
setting of the scanning speeds is also preferable when 
scanning in the first direction is performed by moving the 
objective 26. In particular, when the observation range in 
the first direction is longer than the coherence length, 
the optical path length needs to be adjusted by the 
optical path length control mechanism 21 in accordance 
with the movement of the observation point 29 by the 
objective 26. Accordingly, the adjustment of the optical 
path length can be performed by setting the scanning speed 
vl of the objective 2 6 lower than the scanning speed v2 of 
the light-scanning system 22. 

Thus, the scanning control mechanism 27 sets 
scanning speeds and chooses a scanning mechanism for the 
first direction in accordance with the selection of an 
objective to be used, as follows: 



In the above conditions: Df is a value obtained from 
Df=Ac/(NA) 2 , where NA is the numerical aperture of the 
objective placed in the signal light path, and Ac is the 



When Lc<Df, vl>v2. 



When Lc^Df, v2>vl. 
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center wavelength of the light source; Lc is the coherence 
length of light incident on the sample; and vl and v2 are 
the scanning speed in the first direction and the scanning 
speed in the second direction, respectively. 
5 In the arrangement shown in Fig, 3, the optical 

apparatus is switched between the OCT and OCM observation 
modes by changing the objectives 25 and 2 6 from one to 
another, for explanatory simplicity. With the basic 
arrangement of the optical apparatus according to the 
10 present invention, however, it is possible to perform 

^ observation in both the OCT and OCM modes with the 

C3 

P objective 26 alone. For example, as the beam of light 

q 

entering the objective 26 is narrowed, the effective 
§1 numerical aperture decreases. Consequently, the objective 

nj ^ • 

H 15 26 becomes practically the same as the objective 25. In 



5 



this way, the optical apparatus can be arranged to allow 

N observation in both the OCT and OCM modes with a single 

H 

Q objective. It should be noted that the term "effective 



numerical aperture" means the sample-side numerical 
20 aperture determined by the beam diameter of light actually 
entering the objective 26. 

In this case, the scanning control mechanism 27 sets 
scanning speeds and chooses a scanning mechanism for the 
first direction in accordance with the effective numerical 
25 aperture of an objective to be used, as follows: 
When Lc<Df ' , vl>v2 . 
When Lcs^Df ' , v2>vl. 
In the above conditions: Df is a value obtained 
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from Df ' =Ac/ (NA' ) 2 , where NA' is the effective numerical 
aperture of the objective placed in the signal light path, 
and Ac is the center wavelength of the light source; Lc is 
the coherence length of light incident on the sample; and 
5 vl and v2 are the scanning speed in the first direction 
and the scanning speed in the second direction, 
respectively. 

In the optical apparatus shown in Fig. 3, frequency 
modulation is effected by the optical path length control 
10 mechanism to perform heterodyne interf erometric 

^ measurement. However, a frequency modulating member that 

□ 

P causes no change in the optical path length, such as an 

P 

acoustooptic element, may be provided separately from the 

2] optical path length control mechanism to perform 

H 15 heterodyne interf erometric measurement. In this case, the 

M, arrangement of the optical apparatus is approximately the 

H same as the arrangement shown in Fig. 3. The arrangement 

P differs from the arrangement shown in Fig. 3 in that a 



frequency modulating member that modulates the frequency 
2 0 of light without causing a change in the optical path 
length is provided in the reference light path or the 
signal light path or each of them, and, regarding the 
operation of the scanning control mechanism 27, the 
scanning speeds are set so as to satisfy the condition of 
25 v2>vl not only when Lc^Df or Lc^Df but also when Lc<Df 
or Lc<Df ' . 

Frequency modulation can be performed by the optical 
path length control mechanism 21 as has been described 
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above in connection with Fig. 3. However, with an 
arrangement wherein a turn-back mirror is driven as shown 
in Fig. 3, it is difficult to keep the modulation 
frequency constant over the whole optical path length 
5 control range. Therefore, the optical path length control 
mechanism 21 as shown in Fig. 3 may cause Doppler 
frequency broadening, which leads to degradation of the 
S/N ratio. 

In contrast, a frequency modulating member such as 
10 an acoustooptic element performs frequency modulation that 

M is constant at all times, and causes no change in the 

P 

p optical path length. Therefore, the optical path length 

5^ control mechanism 21 need not perform frequency modulation. 

?P Further, even when Lc<Df ' , the scanning speeds can be set 

PJ 

H 15 so as to satisfy the condition of v2>vl as in the case of 

Lc^Df ' . Accordingly, the optical path length control 
^ mechanism 21 need not be driven at high speed. As has been 

Q stated above, a scanning mirror used as a specific 

C3 

li structure of the light-scanning system 22 can be driven at 

20 high speed in general. Therefore, the structure of the 

present invention is particularly effective in observation 
that requires high time resolution. 

Thus, if a frequency modulating member capable of 
modulating the frequency of light without causing a change 
25 in the optical path length is provided in the reference 
light path or the signal light path or each of them, it 
becomes unnecessary to provide a mechanical driving 
mechanism for frequency modulation. Accordingly, 
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observation can be performed at higher speed in the above- 
described OCM observation mode, in particular. Thus, 
provision of such a frequency modulating member is 
favorable . 

In this case, the scanning control mechanism 27 sets 
the scanning speeds so that the following condition is 
satisfied regardless of the size relation between Lc and 
Df or between Lc and Df ' , and chooses a scanning mechanism 
for the first direction: 
v2>vl 

It should be noted that the foregoing arrangement in 
which the scanning speeds are changed according to the 
value of Df or Df of the objective used may also be 
provided with a frequency modulating member capable of 
modulating the frequency of light without causing a change 
in the optical path length in the reference light path or 
the signal light path or each of them. 

Fig. 4 shows the arrangement of another optical 
system according to the present invention. 

Light from a light source 1 is branched into a 
reference light path and a signal light path by a light- 
branching member 2. Light in the reference light path 
passing through the light-branching member 2 travels via 
an optical path length control mechanism 31 to reach a 
light-combining member 7. Meanwhile, light in the signal 
light path reflected by the light-branching member 2 
passes through a half-mirror 10 and is reflected by a 
light-scanning system 32 for scanning light in the second 



direction. Light reflected by the light-scanning system 32 
passes through a pupil relay optical system 11 and is 
incident on a light-scanning system 33 for scanning light 
in a third direction. Light reflected by the light- 
5 scanning system 33 passes through a pupil relay optical 
system 11 and enters an objective 35 or 36 through which 
the light is applied to a sample 4. The sample 4 is held 
on a scanning stage 34. Light reflected and scattered at 
an observation point (i.e. a position where light is 
10 collected by the objective) 39 in the sample 4 passes 

through the objective 35 or 36, the pupil relay optical 

W 

C3 systems 11 and the light-scanning systems 33 and 32 and is 

C3 

reflected by the half-mirror 10 to reach the light- 
jjj combining member 7. Light in the reference light path and 

H 15 light in the signal light path are combined together by 



5 



L_i. 



M the light-combining member 7, and the combined light is 

ru 



detected by a light-detecting element 8. 



P The optical apparatus shown in Fig. 4 is also 

U provided with an optical path length control mechanism 31 

20 in the reference light path so that the optical path 

length of the reference light path can be varied. The 
scanning system comprises the light-scanning systems 32 
and 33 and the scanning stage 34. The scanning stage 34 is 
a first scanning mechanism for moving the sample 4 in the 
25 first direction. The light-scanning system 32 is a second 
scanning mechanism for moving the observation point 39 in 
the sample 4 in a direction (second direction) 
perpendicular to the optical axis of the objective 35. The 
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light-scanning system 33 is a third scanning mechanism for 
moving the observation point 39 in the sample 4 in a 
direction (third direction) perpendicular to both the 
first and second directions. Thus, in the arrangement 
5 shown in Fig. 4, the first direction corresponds to the z- 
direction. The second direction corresponds to the x- 
direction. The third direction corresponds to the y- 
direction. It should be noted that the pupil 13 (23) of 
the objective 35 (36) is relayed to the respective 
10 positions of the light-scanning systems 32 and 33 by the 
jlj two pupil relay optical systems 11. The difference in the 

Q pupil position between the pupils 13 and 23 of the 

£3 

m objectives 35 and 36 is compensated by the correcting 

01 

« mechanism 12 shown in Fig. 2. 

PJ 

M 15 A scanning control mechanism 37 has the function of 

Uk controlling the respective scanning speeds of the light- 



scanning systems 32 and 33 and the scanning stage 34 and 



ru 

M 

the moving speed (scanning speed) of the optical element 

Q 

in the optical path length control mechanism 31. The 
20 scanning control mechanism £7] further has the function of 
choosing between the scanning stage 34 and the optical 
path length control mechanism 31 as a scanning mechanism 
for the first direction. 

The foregoing is the basic arrangement of another 
25 optical apparatus according to the present invention. As 
objectives, it is preferable to use at least one objective 
having a numerical aperture that satisfies the condition 
of Lc^Df. In the condition Lc^Df, Df is a value 
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generally known as the depth of focus, which is obtained 
from Df=Ac/(NA) 2 , where NA is the numerical aperture of the 
objective, and Ac is the center wavelength of the light 
source, Lc is the coherence length of light incident on 
5 the sample. 

In addition to the objective having a numerical 
aperture satisfying the condition of Lc^Df, the optical 
apparatus may have at least one objective having a 
numerical aperture that satisfies the condition of Lc<Df . 
10 When the optical apparatus has both the objective 
tt satisfying the condition of Lc^Df and the objective 

p satisfying the condition of Lc<Df, the scanning control 

Q 

mechanism 37 sets optimum scanning speeds and chooses an 

|! optimum scanning mechanism for the first direction in 

I U 

M 15 accordance with the selection of either of the objectives. 



5 



\a When Lc<Df, i.e. when the objective 35 is used, the 

V? optical apparatus is set in the OCT observation mode. In 

H 

Q the OCT observation mode, the coherence length determines 

P 

the resolution in the z-direction. Therefore, the scanning 
20 control mechanism 37 chooses the optical path length 

control mechanism 31 as a scanning mechanism for the first 
direction. Thus, the position in the sample 4 at which the 
optical path length of the signal light path and that of 
the reference light path coincide with each other is 
25 varied. At this time, there is no change in the relative 
positional relationship between the objective 35 and the 
sample 4. Assuming that the scanning speed of the optical 
element in the optical path length control mechanism 31 is 
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vl, and the scanning speed of the light-scanning system 32 
is v2, and further the scanning speed of the light- 
scanning system 33 is v3, the scanning control mechanism 
37 sets each scanning speed so that the condition of 
vl>v2>v3 is satisfied. 

Thus, when Lc<Df, the scanning speed of the optical 
path length control mechanism 31 (scanning speed in the 
first direction) is set faster than the scanning speed of 
the light-scanning system 32 (scanning speed in the second 
direction) to observe an image of the xz-section. In 
addition, the scanning speed of the light-scanning system 
33 (scanning speed in the third direction) is set slower 
than the scanning speed of the light-scanning system 32 to 
obtain an xz-section image for each scanning point in the 
y-direction. Thus, the optical apparatus shown in Fig, 4 
can obtain a three-dimensional image of the sample 4. It 
should be noted that fast scanning in the first direction 
is effective in obtaining a practical Doppler frequency in 
heterodyne inter ferometric measurement utilizing a Doppler 
frequency produced during scanning by the optical path 
length control mechanism 31. 

When Lc^Df, i.e. when the objective 36 is used, the 
optical apparatus is set in the OCM observation mode. In 
the OCM observation mode, the depth of focus is not 
greater than the coherence length. Therefore, it is 
necessary in order to scan the observation point 39 in the 
first direction to change the relative positional 
relationship between the objective 36 and the sample 4. 



Accordingly, the scanning control mechanism 37 chooses the 
scanning stage 34 as a scanning mechanism for the first 
direction. Assuming that the scanning speed of the 
scanning stage 34 is vl, and the scanning speed of the 
light-scanning system 32 is v2, and further the scanning 
speed of the light-scanning system 33 is v3, the scanning 
control mechanism 37 sets each scanning speed so that the 
condition of v2>v3>vl is satisfied. 

Thus, when Lc^Df, the scanning speed of the scanning 
stage 34 (scanning speed in the first direction) is set 
slower than the scanning speed of the light-scanning 
system 32 (scanning speed in the second direction) and the 
scanning speed of the light-scanning system 33 (scanning 
speed in the third direction) to observe an xy-section 
image preferentially. After the acquisition of an xy- 
section image, the scanning stage 34 is moved to obtain an 
xy-section image at a new z-position. Thus, a three- 
dimensional image of the sample 4 is obtained. 

A scanning mirror may be used as a specific 
structure of each of the light-scanning systems 32 and 33. 
When a scanning mirror is used, scanning by the scanning 
stage 34 is in general slower in speed than scanning by 
the scanning mirror. Therefore, the most efficient way of 
observing a three-dimensional image of the sample 4 at as 
high a speed as possible is to perform scanning in the 
second and third directions at a higher speed than in the 
first direction. In other words, it is desirable that the 
scanning speeds should be set so as to satisfy the 



condition of v2>v3>vl. 

As has been stated in connection with the optical 
apparatus shown in Fig. 3, the mechanism may be arranged 
such that the scanning stage 34 is fixed and the objective 
36 is moved in the first direction. The above-described 
setting of the scanning speeds is also preferable when 
scanning in the first direction is performed by moving the 
objective 36. In particular, when the observation range in 
the first direction is longer than the coherence length, 
the optical path length needs to be adjusted by the 
optical path length control mechanism 31 in accordance 
with the movement of the observation point 39 by the 
objective 36. Accordingly, the adjustment of the optical 
path length can be performed by setting the scanning speed 
vl of the objective 36 lower than the scanning speeds v2 
and v3 of the light-scanning systems -32J and 33]. 

Thus, the scanning control mechanism 37 sets 
scanning speeds and chooses a scanning mechanism for the 
first direction in accordance with the selection of an 
objective to be used, as follows: 

When Lc<Df, vl>v2>v3. 

When Lc^Df, v2>v3>vl. 
In the above conditions: Df is a value obtained from 
Df=Xc/(NA) 2 , where NA is the numerical aperture of the 
objective placed in the signal light path, and Ac is the 
center wavelength of the light source; Lc is the coherence 
length of light incident on the sample; and vl, v2 and v3 
are the scanning speed in the first direction, the 



- 32 - 



n 



scanning speed in the second direction and the scanning 
speed in the third direction, respectively. 

In the above-described basic arrangement of another 
optical apparatus according to the present invention, it 
5 is also possible to perform observation in both the OCT 
and OCM modes with the objective 36 alone. As has been 
described in connection with the optical apparatus shown 
in Fig. 3, the beam of light entering the objective 36 is 
narrowed to reduce the effective numerical aperture. As a 
10 result, the objective 36 becomes practically the same as 

the objective 35 for use in the OCT observation mode. Thus, 



P the optical apparatus can be arranged to allow observation 

C3 

in both the OCT and OCM modes with a single objective. 



In this case, the scanning control mechanism 37 sets 



m 
m 
ru 

M 15 scanning speeds and chooses a scanning mechanism for the 
L first direction in accordance with the effective numerical 



aperture of an objective to be used, as follows: 



nj 

C3 When Lc<Df ' , vl>v2>v3. 

C3 

h* When Lc^Df 9 , v2>v3>vl. 

20 In the above conditions: Df f is a value obtained 

from Df ' =Ac/ (NA' ) 2 , where NA' is the effective numerical 
aperture of the objective placed in the signal light path, 
and Ac is the center wavelength of the light source; Lc is 
the coherence length of light incident on the sample; and 

25 vl, v2 and v3 are the scanning speed in the first 

direction, the scanning speed in the second direction, and 
the scanning speed in the third direction, respectively. 
Further, the reference light path or the signal 
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light path or each of them may be provided with a 
frequency modulating member capable of modulating the 
frequency of light without causing a change in the optical 
path length. Provision of such a frequency modulating 
member eliminates the need for the optical path length 
control mechanism 31 to perform frequency modulation, as 
has been described in connection with the optical 
apparatus shown in Fig. 3. Accordingly, the scanning 
control mechanism 37 sets scanning speeds and chooses a 
scanning mechanism for the first direction in accordance 
with the numerical aperture or effective numerical 
aperture of an objective to be used, as follows: 

When Lc<Df or Lc<Df ' , v2>vl>v3 or v2>v3>vl . 

When Lc^Df or Lc^Df ' , v2>v3>vl. 
In the above conditions: Df is a value obtained from 
Df=Ac/(NA) 2 , where NA is the numerical aperture of the 
objective placed in the signal light path, and Ac is the 
center wavelength of the light source; Df is a value 
obtained from Df ' =Ac/ (NA' ) 2 , where NA' is the effective 
numerical aperture of the objective placed in the signal 
light path, and Ac is the center wavelength of the light 
source; Lc is the coherence length of light incident on 
the sample; and vl, v2 and v3 are the scanning speed in 
the first direction, the scanning speed in the second 
direction, and the scanning speed in the third direction, 
respectively. 

Thus, if a frequency modulating member capable of 
modulating the frequency of light without causing a change 



in the optical path length is provided in the reference 
light path or the signal light path or each of them, 
observation can be performed at higher speed in the above- 
described OCM observation mode, in particular. As has been 
stated above, a scanning mirror used as a specific 
structure of each of the light-scanning systems 32 and 33 
can be driven at high speed in general- Therefore, the 
above-described arrangement is particularly effective in 
observation that requires high time resolution. 

Further, the optical apparatus shown in Fig. 3 or 4 
may be provided with a beam diameter changing optical 
system for changing the diameter of a light beam. In this 
case, the beam diameter changing optical system should 
preferably be disposed at a position where light enters or 
exits a light-scanning system. With this arrangement, it 
is possible to set a desired effective numerical aperture 
in both the OCT and OCM observation modes or to prevent 
the light utilization efficiency from lowering when 
objectives are changed from one to another. 

The beam diameter changing optical system may be a 
pupil relay optical system arranged to relay the pupil of 
the objective. With this arrangement, it also becomes 
possible to place a scanning system for performing 
scanning in the second or third direction at a position 
conjugate to the pupil position of the objective. 

Further, the optical apparatus may be provided with 
a correcting mechanism for making the position of the 
objective pupil relayed by the pupil relay optical system 
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and the position of the light-scanning system 
approximately coincident with each other. With this 
arrangement, even when objective swapping results in 
displacement of the pupil position of the newly placed 
objective from the pupil position of the former objective, 
the position of the relayed pupil and the position of the 
light-scanning system can be made substantially coincident 
with each other. Thus, the light-scanning system for 
performing scanning in the second or third direction can 
be always placed at a position conjugate to the pupil 
position of the objective, and deficiency of the marginal 
illumination can be prevented. 

Further, a change in the effective numerical 
aperture of the objective and a change in the optical 
system incidental to the effective numerical aperture 
change may produce a difference in dispersion 
characteristics between the signal light path and the 
reference light path. Therefore, it is desirable to 
provide a dispersion adjusting element for compensating 
for the difference in dispersion characteristics. It is 
preferable that the dispersion adjusting element should be 
capable of selectively or continuously controlling the 
amount of dispersion adjustment made by it. 

Let us consider a case where light having a spectral 
width of certain size is used as light from the light 
source. When the light passes through an optical element 
placed in the optical path, the optical path length of the 
light differs for different wavelengths according to the 



dispersion characteristics of the optical element* For 
example, if the spectral distribution of the light source 
is as shown in Fig. 10(a), when light from the light 
source passes through an optical element having dispersion 
5 characteristics as shown in Fig. 10(b), the optical path 
length of light of wavelength XI shown in Figs. 10(a) and 
10(b) becomes longer than the optical path length of light 
of wavelength Ah. When interf erometric measurement is 
carried out with the optical system or optical apparatus 
10 according to the present invention, if the optical path 

M length differs for different wavelengths, the S/N ratio 

P 

Q degrades. A difference in dispersion characteristics 

between the signal light path and the reference light path 
01 is produced as a result of changing the optical system 

U 15 In the signal light path performed by the beam diameter 

hk changing optical system and the correcting mechanism or an 

l'j operation of varying the numerical aperture (effective 

Q numerical aperture) of the objective . Accordingly, the use 

of the above-described dispersion adjusting element makes 
20 it possible to compensate for the difference in dispersion 
characteristics between the signal light path and the 
reference light path. Consequently, the S/N ratio in 
interf erometric measurement can be improved. 

Further, the optical apparatus may be arranged such 
25 that a change in the optical path length due to a change 

in the effective numerical aperture of the objective and a 
change in the optical system incidental to the effective 
numerical aperture change is compensated by the optical 



q 
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path length control mechanism as an amount of optical path 
length adjustment made by the mechanism. The use of this 
arrangement makes it possible to compensate for the change 
in the optical path length as in the case of the above- 
described dispersion adjusting element. 

It is preferable that the optical apparatus should 
have a storage device for storing either or both of the 
amount of dispersion adjustment and the amount of optical 
path length adjustment. As has been stated above, there is 
a method : wherein the effective numerical aperture of a 
single objective is changed to switch between OCT and OCM. 
In this case, it is necessary in order to perform 
observation efficiently with a high S/N ratio to make 
either or both of the adjustment of dispersion and the 
adjustment of optical path length accurately in accordance 
with the change of the effective numerical aperture. On 
the other hand, it is necessary to change a variety of 
objectives from one to another in order to observe various 
samples at optimum magnifications. In this case, the 
effective numerical aperture also changes variously. 
Accordingly, ■ there are" a large number of combinations of 
the amount of dispersion adjustment and the amount of 
optical path length adjustment to be made in accordance 
with the change of the effective numerical aperture. 

It is very troublesome in performing an observation 
operation to find an optimum amount of adjustment to be 
made every time the effective numerical aperture changes. 
Therefore, if either "or both of the amount of dispersion 



adjustment and the amount of optical path length 
adjustment are previously stored in a storage device, the 
stored data can be referenced during the operation of 
adjusting the dispersion and/or the optical path length. 

The light source is preferably a low-coherence light 
source- If the optical apparatus has a low-coherence light 
source, low-coherence interf erometric observation can be 
performed. 

It is possible to construct a microscope having the 
optical system according to the present invention. If the 
foregoing optical system is incorporated into or connected 
to a microscope, it is possible to perform efficient 
observation making use of the operability of the 
microscope system. 

The foregoing optical system may be arranged to be 
detachably connected to a microscope. With this 
arrangement, the optical system can be added to a 
conventional microscope without newly constructing a 
microscope system. It also becomes possible to attach a 
single optical system to a plurality of different 
microscopes . 

As has been stated above, the optical system and 
optical apparatus according to the present invention can 
minimize the time needed for image acquisition in 
observation by either OCT or OCM. Accordingly, when a 
biological sample is observed in vivo, in particular, the 
optical system and optical apparatus according to the 
present invention can meet the need to observe the motion 
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In Fig. 5(a), light from a low-coherence light 
source 101 is guided to a fiber coupler 102 through an 



of cells and tissues at high time resolution. In addition, 
the S/N ratio is not degraded when the OCT and OCM 
observation modes are switched from one to another. 

Examples of the optical system and optical apparatus 
5 according to the present invention will be described below 
with reference to the accompanying drawings. 
(Example 1) 

Fig. 5(a) shows an example of the optical system 
according to the present invention. This is an example of 
10 a low-coherence interf erometric optical system for 
observing an image of a section in a sample that is 

£3 

£3 parallel to the optical axis of the objective. 

d 
m 
m 

A! 

H 15 optical fiber. Light from the fiber coupler 102 is 
L h branched into a reference light path 103 and a signal 

! ? : light path 104. Light in the reference light path 103 

passes through an AOM (acoustooptic modulator) 131 and is 

Q 

ih formed into parallel rays of light through a collimator 

20 lens 105 and then reflected by a movable mirror 106. The 
reflected light from the movable mirror 106 passes through 
the collimator lens 105 and returns through the same 
optical path to reach the fiber coupler 102 through the 
AOM 131. 

25 Meanwhile, light in the signal light path 104 passes 

through an AOM 132 and exits from a single-mode fiber end 
191. The emergent light is formed into parallel rays of 
light through a collimator lens 107 and then reflected by 
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a galvanometer mirror 108 for scanning in the x-direction. 
The reflected light passes through a pupil relay optical 
system 109 in a beam diameter changing optical system 115 
and is applied to a sample 111 through an objective 110. 
5 Scattered light from an observation point 112 in the 
sample 111 passes through the objective 110, the pupil 
relay optical system 109, the galvanometer mirror 108, the 
collimator lens 107 and the AOM 132 to reach the fiber 
coupler 102. Light returning from the reference light path 
10 103 and light returning from the signal light path 104 are 
combined together in the fiber coupler 102 and detected by 

O 

□ a photodetector 114. The output of the photodetector 114 

p is input to a signal processor 133. In this optical system, 

jjjj the light-branching element and the light-combining 

H 15 element are formed from a single fiber coupler 102. 

3 

M, In this example, the optical path length control 

mechanism is formed from the collimator lens 105, the 



pJ 

! ; 

C3 movable mirror 106 and a moving mechanism (not shown) for 

q 

H moving the movable mirror 106. By moving the movable 

20 mirror 106 at high speed, a Doppler shift is produced in 

the frequency of light. By operating the AOMs 132 and 133, 
the frequency of light in each optical path is modulated. 
These operations can be used selectively or in combination. 
A signal having a difference frequency component 
25 corresponding to the frequency difference between light 
passing through the reference light path 103 and light 
passing through the signal light path 104 is detected by 
the signal processor 133, whereby heterodyne 
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interf erometric measurement can be performed utilizing the 
frequency difference between the reference light path 103 
and the signal light path 104. 

Next, the operation of the signal light path will be 
described. The pupil 113 of the objective 110 is relayed 
by the pupil relay optical system 109. The galvanometer 
mirror 108 is disposed at the conjugate position of the 

pupil 113 relayed by the pupil relay optical system 109. 

The objective 110 has a large depth of focus, that 
is, a small numerical aperture. On the other hand, an 
objective 120 shown in Fig. 5(b) has a large numerical 
aperture. Fig. 5(b) illustrates the arrangement of the 
optical system shown in Fig. 5(a), in which the objective 
110 has been switched to the objective 120. In Fig. 5(b), 
a part of the optical system including the galvanometer 
mirror 108 through the objective 120 is shown. Thus, when 
OCT observation is performed, the objective 110 is used. 
When OCM observation is performed, the objective 120 is 
used, and observation can be performed with a confocal 
optical system using the single-mode fiber end 191 as a 
confocal pinhole. 

The diameter of the pupil 123 of the objective 120 
is smaller than the diameter of the pupil 113 of the 
objective 110. Therefore, when the objective 120 is used, 
the pupil relay optical system 109 is changed to another 
pupil relay optical system 119 by the beam diameter 
changing optical system 115. The magnification for the 
pupil relay from the galvanometer mirror 108 to the pupil 
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of the objective is set so that the pupil relay 
magnification is smaller through the pupil relay optical 
system 119 than through the pupil relay optical system 109. 
Accordingly, the beam diameter of light emerging from the 
5 galvanometer mirror 108 can be made coincident with the 
pupil diameter of the objective. Thus, light from the 
light source 101 can be used efficiently without waste. 

The position of the pupil 123 within the objective 
120 is different from that of the objective 110. However, 
10 the pupil 123 is made conjugate to the galvanometer mirror 

M 108 by the pupil relay optical system 119. In other words, 

£3 

p in this example, the position of the relayed pupil of the 



objective is substantially coincident with the 



P 
01 

qalvanometer mirror 108. Thus, the beam diameter changing 

fU 

M 15 optical system 115 also functions as a correcting 



mechanism. 
(Example 2) 



5 

pj 

C3 Fig. 6(a) shows an example of the optical apparatus 

P 



according to the present invention. This is an example of 
20 a low-coherence interf erometric optical apparatus for 
observing an image of a section in a sample that is 
parallel to the optical axis of the objective. 

In Fig. 6(a), light from a low-coherence light 
source 201 is guided to a fiber coupler 202 through an 
25 optical fiber. Light from the fiber coupler 202 is 

branched into a reference light path 203 and a signal 
light path 204. Light in the reference light path 203 
passes through an AOM 231 and exits from a fiber end 241. 
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Thereafter, the light is formed into parallel rays of 
light through a collimator lens 242 and guided to a fiber 
coupler 222 through another collimator lens 243. 

Meanwhile, light in the signal light path 204 passes 
5 through an AOM 232 and a circulator 24 6 and exits from a 
single-mode fiber end 291. The emergent light is formed 
into parallel rays of light through a collimator lens 207. 
Thereafter, the light passes through a beam diameter 
changing optical system 215 and is then reflected by a 
10 galvanometer mirror 208 for scanning in the x-direction. 

H> The reflected light passes through a pupil relay optical 

£2 

C3 system 209 and is applied to a sample 211 through an 



objective 210. The sample 211 is held on a stage 216 



□ 
I] 

^ movable in the z-direction. Scattered light from an 

PJ 

M 15 observation point 212 in the sample 211 passes through the 



objective 210, the pupil relay optical system 209, the 



galvanometer mirror 208, the beam diameter changing 

— =» 

Q optical system 215 and the collimator lens 207 to reach 

Q 

lI the fiber coupler 222 through the circulator 24 6. Light 

20 from the reference light path 203 and light from the 

signal light path 204 are combined together in the fiber 
coupler 222 and detected by a photodetector 214. The 
output of the photodetector 214 is input to a signal 
processor 233 . 

25 First, the operation of the signal light path will 

be described. In this example, the low-coherence light 
source 201 has a center wavelength of 1.3 \xm and a 
coherence length of 20 um. The objective 210 shown in 
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Fig. 6(a) has a numerical aperture of 0.5. In this case, 
Lc = 20 \xm 
Df =5.2 urn 

Hence, the objective 210 satisfies the condition of 
Lc=^Df. 

In Fig. 6(a), the beam diameter of light entering 
the objective 210 is coincident with the diameter of the 
pupil 213 of the objective 210. Therefore, the effective 
numerical aperture is equal to the numerical aperture of 
the objective 210. Accordingly, when the optical system is 
in this state, observation by OCM can be performed. Under 
these circumstances, a scanning control mechanism 270 
chooses the stage 216 as a scanning mechanism for the 
first direction ( z-direction) and sets, the oscillation 
frequency at 10 Hz. Further, the oscillation frequency of 
the galvanometer mirror 208, which is a scanning mechanism 
for the second direction (x-direction) , is set at 4 kHz. 

In the optical apparatus according to this example, 
the observation range is 400 \xm in the x-direction and 
400 vim in the z-direction, and the scanning time per image 
in the xz-section is set at 0.1 second. Assuming that the 
number of pixels obtained is 400 by 400 pixels, the above- 
described oscillation frequencies as converted into 
average scanning speeds are 3.2 m/sec.(=v2) in the x- 
direction and 8 mm/sec. (=vl) in the z-direction, 
respectively. Hence, v2>vl. In other words, high-speed 
scanning is performed in the x-direction, and scanning in 
the z-direction is performed at relatively low speed, 
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thereby obtaining an xz-section image. Regarding the 
measurement of an interference signal, heterodyne 
measurement is carried out using the difference frequency 
between the modulation frequencies of the AOMs 231 and 232 
placed in the reference light path and the signal light 
path, respectively- Detection of the difference frequency 
component is performed by the signal processor 233. 

Fig. 6(b) shows an example in which OCT observation 
is performed by using the same objective 210 as in 
Fig, 6(a). In Fig. 6(b), a part of the optical system 
shown in Fig- 6(a) behind the collimator lens 207 is 
extractively shown. The beam diameter changing optical 
system 215 has a beam diameter changing optical system 
unit 219. The mechanism is arranged such that the beam 
diameter changing optical system unit 219 can be inserted 
in the optical path between the collimator lens 207 and 
the galvanometer mirror 208. The beam diameter changing 
optical system unit 219 has a magnification for reducing 
the beam diameter of parallel rays of light emerging from 
the collimator lens 207. For example, the magnification is 
set so that when the beam diameter changing optical system 
unit 219 is inserted into the optical path, the effective 
numerical aperture of the objective 210 becomes 0.035- In 
this case, Df is as follows: 
Df ' = about 1 mm 

Hence, the optical system shown in Fig- 6(b) 
satisfies the condition of Lc<Df ' . 

In OCT observation with the optical system shown in 



Fig. 6(b), the scanning time per image in the xz-section 
is also set at 0.1 second. In OCT, generally, scanning in 
the first direction (z-direction) is performed by using 
the movable mirror 106 in Fig. 5(a), for example, which 
5 oscillates at high speed, and heterodyne measurement 
utilizing a Doppler frequency produced at this time is 
frequently performed. In this example, however, heterodyne 
measurement using modulation frequencies produced in the 
AOMs 231 and 232 is also performed in OCT. Therefore, 
10 high-speed scanning in the z-direction is not needed. 

Accordingly, the scanning control mechanism 270 sets the 

P . 
P scanning speed vl in the first direction and the scanning 



£3 
Si 



speed v2 in the second direction so that the condition of 



u) v2>vl is satisfied, as in the case of Fig. 6(a). 

i j J 

15 With the above-described scanning speed settings, 

£ 4 scanning in the second direction can be performed by 

HJ driving the same galvanometer mirror 2 08 ,as used in 

M 

Q Fig. 6(a) at the same scanning speed as in the case of 

Tt Fig. 6(a). Thus, the control mechanism for the 

20 galvanometer mirror 208 can be simplified. Regarding the 
scanning mechanism for the first direction, the stage 216 
or the optical path length control mechanism 2 60 in the 
reference light path can be used. When the stage 216 is 
used, the optical path length control mechanism 260 needs 
25 no scanning mechanism, advantageously. 

Thus, in this example, all of the objective, the x- 
direction scanning mechanism and scanning speed, the z- 
direction scanning mechanism and the light modulators for 
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heterodyne measurement can be used in common between OCT 
and OCM observation operations. 

Next, the optical path length control mechanism 2 60 
in the reference light path will be described- Principal 
5 constituent elements of the optical path length control 

mechanism 260 are collimator lenses 242 and 243, a driving 
stage 245, and a driving unit 244. The fiber end 241 and 
the collimator lens 242 are secured to the driving unit 
244. The driving unit 244 moves on the driving stage 245. 
10 This causes a change in the optical path length between 
M the collimator lenses 242 and 243. Thus, the optical path 

Q length is controlled. 

^ When the optical system for OCM shown in Fig. 6(a) 

ST and the optical system for OCT shown in Fig. 6(b) are to 

w 

M 15 be switched from one to another, the beam diameter 
£,4, changing optical system unit 219 is inserted into or 

f ? J removed from the optical path in the beam diameter 

M 

p changing optical system 215. The insertion or removal of 

£ 4 the beam diameter changing optical system unit 219 causes 

20 a new change in the optical path length. An optical path 
length change may cause the observation point to differ to 
a considerable extent between OCM and OCT. There is also a 
possibility that the observation point 212 may be out of 
the sample 211. To eliminate these possibilities, it is 
25 necessary to make some optical compensation. 

Therefore, the driving unit 244 in the optical path 
length control mechanism 2 60 is moved through a distance 
corresponding to the change in the optical path length, 
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whereby the influence of the optical path length change 
can be eliminated. In this example, as a device for 
storing the amount of optical path length adjustment, an 
indicating mark 261 is put on the driving unit 244, and 
5 scale marks 262 and 263 for adjustment are put on the 

driving stage 245, Therefore, the amounts of optical path 
length adjustment can readily be switched from one to 
another. 

Further, the optical apparatus is arranged so that a 
10 dispersion adjusting element 251, e.g. a prism or a 
M diffraction grating, can be inserted into and removed from 

p the optical path between the collimator lenses 242 and 243. 

The dispersion adjusting element 251 compensates for a 

0^ difference in dispersion characteristics that may be 

PJ 

M 15 produced between the signal light path and the reference 
l h light path. It should be noted that the difference in 

^ dispersion characteristics is produced by insertion and 

£3 removal of the beam diameter changing optical system unit 

P 219 into and from the signal light path. The provision of 

20 the dispersion adjusting element 251 makes it possible to 
prevent degradation of the S/N ratio which would otherwise 
be caused by switching between the optical systems. 

In this example, the scanning control mechanism 270, 
the beam diameter changing optical system 215, the optical 
25 path length control mechanism 2 60 and the dispersion 

adjusting element 251 may be electrically controlled so 
that troublesome operations related to switching between 
OCT and OCM can be all automatically performed. 
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(Example 3) 

Fig. 7(a) shows another example of the optical 
apparatus according to the present invention. This is also 
an example of a low-coherence interf erometric optical 
5 apparatus for observing a three-dimensional image within a 
sample. 

In Fig. 7(a), light from a low-coherence light 
source 301 is guided to a fiber coupler 302 through an 
optical fiber. Light from the fiber coupler 302 is 
10 branched into a reference light path 303 and a signal 



M light path 304. Light in the reference light path 303 

n passes through an AOM 331 and a circulator 347 and is 

y formed into parallel rays of light through a collimator 

y i 

Gl lens 342. Further, the light passes through a dispersion 

U 15 adjusting element 351 and is reflected by a movable mirror 
j\ 306. The reflected light passes through the dispersion 

adjusting element 351, the collimator lens 342 and the 

M 

£3 circulator 347 to reach a fiber coupler 322. 

f j 

il Meanwhile, light in the signal light path 304 passes 

2 0 through an AOM 332 and a circulator 34 6 and exits from a 
single-mode fiber end 391. The emergent light passes 
through a collimator lens 307 and is reflected by a 
galvanometer mirror 318. The reflected light passes 
through a pupil relay optical system 319 and is incident 
25 on a galvanometer mirror 308. The reflected light from the 
galvanometer mirror 308 passes through a pupil relay 
optical system 309 before being applied to a sample 311 
through an objective 310. The sample 311 is held on a 
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stage 316. 

Scattered light from an observation point 312 in the 
sample 311 passes through the objective 310, the pupil 
relay optical system 309, the galvanometer mirror 308, the 
5 pupil relay optical system 319, the galvanometer mirror 

318 and the collimator lens 307 to reach the fiber coupler 
322 through the circulator 34 6. Light from the reference 
light path 303 and light from the signal light path 304 
are combined together in the fiber coupler 322 and 
10 detected by a photodetector 314. The output of the 

photodetector 314 is input to a signal processor 333. 

Q 

n In this example, the low-coherence light source 301 

f i 

^ has a center wavelength of 1.3 p and a coherence length 

of 20 vim. The objective 310 has a numerical aperture of 

pj 

M 15 0.5. In Fig. 7(a), the objective 310 forms an optical 

5 

J,* system for OCM observation. In this case, 

Lc = 20 pi 
□ Df = 5.2 urn 

a 

Hence, the objective 310 satisfies the condition of 
20 Lc^Df. 

Fig. 7(b) shows a part of an optical system for OCT 
observation. In Fig. 7(b), a part of the optical system 
shown in Fig. 7(a), which includes the galvanometer mirror 
308 through the objective 320, is extractively shown. The 
25 numerical aperture of the objective 320 is 0.025. In this 
case, Df is as follows: 
Df = about 2 mm 
Hence, the objective 320 satisfies the condition of 



- 51 - 



C3 
SI 



+ 




Lc<Df . 

In this example, the optical apparatus has the 
galvanometer mirrors 308 and 318 for scanning in the 
second direction (x-direction) and the third direction (y- 
5 direction), respectively. For scanning in the first 

direction ( z-direction) , the stage 316 or the optical path 
length control mechanism (movable mirror 306) is used. 
Accordingly, three-dimensional observation can be 
performed in both OCT and OCM observation modes. 
10 The objectives 310 and 320 in this example differ 

M from each other in the pupil diameter and pupil position 

Q 

n of their pupils 313 and 323. When the pupil position of 



the objective and the scanning mirror position are not in 



fil conjugate relation to each other, the light beam may be 

M, 15 eclipsed, as has been stated above. In this example, 

U therefore, when the objective 320 is used, an adapter lens 

W (beam diameter changing optical system) 373 is positioned 

M 

p between the pupil relay optical system 309 and the 

rj 

l! objective 32 0 to make the beam diameter and the pupil 

20 diameter coincide with each other. This arrangement is 
advantageous in that the pupil relay optical system 309 
need not be changed. 

The optical apparatus is set so that in OCT 
observation shown in Fig. 7 (b) a two-dimensional image of 
25 the xz-section is observed, and a region of interest in 

the two-dimensional image is three-dimensionally observed 
in the OCM observation mode shown in Fig. 7(a) . First, in 
OCT observation, the objective 320 is used, and the 
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adapter lens 373 is inserted into the optical path. 
Scanning in the first direction is performed by using the 
movable mirror 306 in the reference light path 303. 
Scanning in the second direction is performed by using the 
5 scanning mirror 308. In the OCT observation, the scanning 
speed in the first direction is set faster than the 
scanning speed in the second direction to perform 
heterodyne interf erometric measurement utilizing the 
Doppler shift of the light frequency produced by the 
10 scanning performed with the movable mirror 306. The 

M operation of setting the scanning speeds is controlled by 

P 

p a computer 371 serving as a scanning control mechanism. 

hj. Next, when OCM observation is to be performed, the 

yl 

SI objective 310 is inserted into the optical path, and the 

nj 

M? 15 adapter lens 373 is removed from the optical path. 

j\ Scanning in the second direction is performed with the 

W scanning mirror 308. Scanning in the third direction is 

p performed with the scanning mirror 318. Scanning in the 

«3 



Li 



first direction is performed by moving the stage 316. 
20 Acquisition of a three-dimensional image is effected by 

obtaining a two-dimensional image of the xy-section first 
and then scanning the two-dimensional image in the z- 
direction. Therefore, the scanning speeds are set so that 
scanning in the z-direction is the slowest of the three 
25 scanning operations. 

The operation of switching the scanning mechanism 
for the first direction from the optical path length 
control mechanism (movable mirror 306) to the stage 316 
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and the operation of setting the scanning speed for each 
scanning mechanism are controlled by the computer 371. In 
the OCM observation, the AOMs 331 and 332 are used as 
light frequency modulating members for heterodyne 
interf erometric measurement. In heterodyne detection in 
each of OCT and OCM, the Doppler frequency produced by the 
movable mirror 306 or the difference frequency produced by 
the AOMs 331 and 332 is processed in the signal processor 
333. Specifically, a lock-in amplifier or the like is used. 
The output of the signal processor 333 is fed to the 
computer 371 where it is converted into an image. The 
image is displayed by a display unit 372. 

In Fig. 7(b), when the adapter lens 373 is inserted 
into the optical path, there are changes in the dispersion 
and the optical path length due to the adapter lens 373. 
The change in the dispersion can be compensated by the 
dispersion adjusting element 351 placed in the reference 
light path. The adjustment of the dispersion can also be 
controlled by the computer 371. It should be noted that 
the dispersion adjusting element 351 should preferably be 
arranged as shown in Fig. 7(a). That is, wedge prisms are 
placed to face each other to form the dispersion adjusting 
element 351, whereby the amount of dispersion adjustment 
made by the dispersion adjusting element 351 can be 
controlled continuously. When an objective or a sample is 
changed to another, there may be a difference in 
dispersion characteristics between the reference light 
path 303 and the signal light path 304. With this 



- 54 - 



arrangement, however, any slight difference in dispersion 
characteristics can be adjusted so as to be canceled. 

In Fig. 7(a), the stage 316 is used as a mechanism 
for scanning in the z-direction in OCM observation, that 
is, for scanning the observation point 312 in the first 
direction. It is also possible to scan the objective 310 
in the z-direction, for example, as another method for 
scanning the observation point 312 in the first direction. 
Such an arrangement is useful in a case where it is 
difficult to place the sample 311 on the stage 316, or in 
a case where the sample 311 is a biological sample and 
cannot be moved for scanning. In this case, however, as 
the objective 310 is moved for scanning in the z-direction, 
the optical path length of the signal light path changes. 
Therefore, it is necessary to move the movable mirror 306 
simultaneously in synchronism with the scanning movement 
of the objective 310. 
(Example 4) 

Figs. 8(a) and 8(b) show an example in which the 
position of the relayed pupil is corrected. In this 
example, objectives used in OCT and OCM, respectively, are 
equal in the pupil diameter but different in the pupil 
position. Fig. 8(a) shows a part of the optical system 
shown in Fig. 7(a). Fig. 8(b) shows the same part of the 
optical system as that shown in Fig. 7(b). 

The pupil 413 of an objective 410 and the pupil 423 
of an objective 420 have the same pupil diameter. However, 
the pupil positions of the objectives 410 and 420 are 
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different from each other. In this example, a plane- 
parallel plate 473 is inserted into and removed from the 
optical path as shown in Figs, 8(a) and 8(b) as a 
correcting mechanism for making the pupil position and the 
5 galvanometer mirror conjugate to each other. The plane- 
parallel plate 473 may be made of a glass, crystal, 
transparent resin, or other similar material. With this 
arrangement, objectives can be switched from one to 
another simply by using a relatively simple optical 
10 element without the need to change the pupil relay optical 
system 409 and with substantially no change in the 

Q 

P relative positions of the scanning mirrors, the pupil 



relay optical system and the sample, 



f 3T (Example 5) 

ru 

15 Fig. 9 shows an example in which the optical system 

according to the present invention is combined with a 
^ microscope. In Fig. 9, the optical system used in the 

Q optical apparatus shown in Figs. 7(a) and 8(a) is applied 

u to a microscope. In Fig. 9, the signal light path in the 

20 interference optical system 380 shown in Fig. 7(a) is 

introduced into a scanning optical system 503, and light 
from the scanning optical system 503 enters a microscope 
501. The scanning optical system 503 comprises the optical 
system shown in Fig. 8(a). 
25 The microscope 501 has a revolver 520. The 

objectives 410 and 420 used in Figs. 8(a) and 8(b), 
together with another objective 510, are mounted on the 
revolver 520. Rotation of the revolver 520 allows the 
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objectives 410, 420 and 510 to be changed from one to 
another to perform OCT or OCM observation selectively* 

The interference optical system 380 and the scanning 
optical system 503 can be controlled by the computer 371. 
5 Further, the interference optical system 380 and the 

scanning optical system 503 can be integrally arranged as 
a scanning interference optical unit 502, The scanning 
interference optical unit 502 is arranged to be removably 
attached to the microscope 501. Accordingly, the scanning 
10 interference optical unit 502 can be attached to a variety 

M of microscopes suitable for various observation 

P 

C3 applications. 



Q 



01 



P 



As will be clear from the foregoing description, the 



^ optical system and optical apparatus according to the 

M 15 present invention allow the OCT and OCM observation modes 

^ to be readily switched from one to another and enable 

fV optimum and efficient observation to be performed in each 

H 

C3 of the OCT and OCM modes. In addition, when the OCT and 



OCM modes are switched from one to another to perform 
20 observation, it is possible to prevent degradation of the 
S/N ratio due to switching between the two observation 
modes and to attain a high S/N ratio in both the OCT and 
OCM observation modes. 
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